08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL do1

SPEC.U\CL‘\'iMS on The F;fw\ c'P

Koo MHD  Closues

e

g Hemectt - PPPE

Prosated at  Closures Wackshap.

Toly 30, 2001, Madises, WT



08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL Aoz

COV\JﬁV\UUW\ (“V[déau‘) o Putide Grmkivte“‘lcf

zmﬁf
u{ E[G’,G\'Toma.‘jvle;]ics M@kwg My v 'Prg)
/
65 2\.\
Derl \&C}\ Kc’rso\newchW@r N
@ ; -ﬂwz\-’v\oa VLm\M&ur —?U”\/ E',let_'}m’w‘qijvt&

oW nuBWA r,erJ OQD‘MJ l'UJl‘l'
e -!-w‘ad\e;.ac,.e_ with 58

jimkmef}\t
176 / 4 rifdwey

meéar Jennas C Kot ohmreﬁ%eﬁ
PC (945 For nes —mk)

hanﬁ M \;Ja.l‘(ﬁ"(md,y
me é’h 5.\4&-”

- S“*'“‘/ iIMPLc.H' l
ﬂgmo\c\’t T""“Jl

-5 Dicedt wpl; ot s
bt



08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL @03

(:On'\'ikum (“V(aéou‘) o PM'\*Y(..L(’. Gymkine,-‘-ic_,s'

5
\AJ/ E[ec;\‘foMa,Jvlehc,S Mﬁukﬂfg ) w
/ —
6521\
lY e,le,_;l'nwtl(,jvzeﬂ"c_

@ Dcrlcm(}\ Ko\' 5 o\/\ewreﬁlfter

D\d'.-

lme.’ar Jesuns CKJ'F.S C-i/teerd'H’l’e”j

e, CRC (185 For et rick)
RMO\A’tJ A“J! H%
e -l-n*o\"s hader M We C"‘-"‘«y

L.wenr’ A’h 5.“@”.
Cov mu\ﬂ' @Mdﬁm

—= S;Juu\/ i

= DN@'\' N\tplt

Plys. Ples mas 2 po0(2.00\

L’ﬁ” l\m.’-l-eé\‘h p

Dot de cdes wb

L uo{q,u-"‘PlMJ
B%;;YW ek b A olosoves .. -




08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL do4

juagesk@l Re.—gj .

(B Wonnchy Dot Porkars Py Pl By 2cs2 (1499

Hommel et.al. PcE 35 173 CH?B)

(Q\aﬂd’ qu[&u ‘?356' . oM ¢z(9aue)

* "La""Aa,\J 'p[‘-’id MbAEx) b'c K'-’lSTM:?{ .!'5

Collisionless HHD"

Sﬂ, der Hﬂmméﬂ /leano( p’tyj. Pfas.ms _“:/_/ 3974
o (1147)

C\gwe-s FLA , whidd 15 4re.J+eA m
Saydes's Tyesis 244 oL papEs @mp)



08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL i

Oue aQ twe mtv‘or b\n-au&,‘gag ccbr Qba,d-'lfke dasu.-est

e —————

Hanﬂm‘ ol 3t twe seales

eSS E—
? A (176, &&L’rwﬁ) Polaﬁ'&m%‘\m nﬁutsﬁl)/
Tods N
f;“-d ’Tig ﬁf,ﬁ_{ hjo
@éﬁg ﬁzﬁz /F N;o
. LM 3
Ty 4% T ““ Tug

anc.&a&J}- O'F

“Neoelassi cal anh >
Pp(a.r'u-im'\'iw C:\wa'fvdv



08/10/2001 05:25 FAX 609 243 2662 THEORY DEPT-PFPPL dos

o J |
’Pf‘e,gﬂf QUD\J'\\M E‘F SQPQ,[QA‘& _é!—:-. nﬁ-"_é_‘g'__l" 6_?,)—.
@ Proﬁaer Mewd&nce A o ” & 1 Compressivn
‘ZH ul\ ok V—-" ) .9""

@ Pmpef tonshamts o %%1 —ﬁrum /U (ens€/ Ve

@ Smf;l.'%es 3yra\r‘|’nous Canc,ena«""iw

- of
Bt have do  mclde pm\l&\ Conduction 2

L+ L hext -

= (fdgu’p @“ Mﬂ)

Because $:Mp,€ CGL W I(jmrhﬁ

Com e wol3€ than



08/10/2001 05:25 FAX 609 243 2662

out problems with the CGL

simpler systems with fewer -

re work could try to extend
stic gyrokinetic equation or
“hang and Callen for the

who have tried some forms

equations. Bondeson and
2-damped models of Landau
ilization of external MHD
gns. An important feature of
rian variables so that the |k|
id closures would (at least
ng perturbed magnetic field
showed was important to do.
‘ard model was a relatively
nd was not entirely consis-
ty in the derivation of the
» collistonality elsewhere. A
Diamond' has incorporated
into a set of two fluid equa-
mplitude shear Alfvén and
erplanetary plasmas. The
ions assumie isotropic pres-
imited parameter regime (f3
| presented here should pro-
as work, useful for the study
well as for general problems
ration in both laboratory and

er is as follows. In Section IT
onless MHD formulation. In
s based on Kulsrud’s kinetic
«d. In Sections IV and V clo-

models are derived, follow-
‘Dorland." In Section VI we
acluding the reduction of the
f the Braginskii equations. In
. nonlinear implementation of
{11, the Landau MHD formu-
mirror instability, and in Sec-
narks.

THEDRSAZ‘“DEPT_— PPPL Fillik

for the zeroth-order distribution function of each species
fo (Vg ph.T0):

5f05 - ~ Dvg - e
—ar+(v||b+VE')'ans+ _b'_Dt_-Mb'VB‘I_';n_SE"
7o, 0 1
b4 =
=0 1)

where e, is the charge on species s, b is a unit vector in the
magnetic field direction b=B/B, vp=c(EX B)/B?,
w=v2/2B, and D/Dt = 3/3t+(vb+vg): V.

Combining mornents of this kinetic equation with Max-
well’s equations and taking the usual low Alfvén speed limit
v2<c? yields Kulsrud's set of collisionless MHD equations:

V. (pU)=0, | 2
E"’ (P )_ * ()
~ [aU (VXB)XB :

p| = +U-VU|="———=V-P, (3)
B yxuxs E 4
-&-I-—V (UXB), - (4)
P=p,I+(p, —p)bb, (5)

m, |

pL=2 5 J‘fos'vid:"v, | (6)
P||=§s‘4 msffos(v"—U-l;)zd:’v', | B O
E Esj fo, d30=6= | (8)

where p is the total mass density, U=VE+'u"l; is the. fluid
velocity, and P is the pressure tepsor.

The above set of equations is exact to zeroth order in the
expansion parameter, but the kinetic equation itself, Eq. D,
must be used to evaluate p, and p, to close the system.
Because Eq. (1) is difficult to solve directly, this system is
rarely employed without further simplification.

One such simplification is the introduction of the double
adiabatic law (also known as CGL theory™). In the COL
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November 1997 K‘“d‘ 'TF
Lrses

=

Viw 2a (), t reduce e -4

- ewesBHEQRY, DEPT- PPlfh . UL EQ. (11) then leads to

the following set of exact moment equations:

an
Y -+ V- (nl)=0, (IJ4)
du, IV a
—'6—+U Vu"+b '__+U VVE nmsv'(bp"-f)
Pr, . e,
;n—:— ;?;:E"'—O, (15)
+ V ' (Up"-‘) + v - (i;q":) + A?-p":l;' VU* l‘;_' 2qlsv - I;
‘—%Vs(Pu_,‘PJ.,), (16)
+V-(Upis)+V-(l;q_l_;)—l—plSV-U*pl:l;- VU-b
+q, V- b=- %Vs(P_LS_Pus), (17)
gy - AP ] T
E‘— + v ' (Uqlls) + V - (br“J,I) + 3£I"Jb' VU* b_' I‘lms b
PLpi. Pr -
-Vp|,x+3. I‘Ims -— nms _rH,J;_r- V'b=_'1’_s.q”s, (18)
94, pL
Py -+V. (Ug, )+ V. (erJ. )+'-’h V. (”ub)—"—_b Vo,
p.? PJ.,Pu : " ' _
+ nms nms r'L_L +r"_'|_ V-b=—v5ql . (19)

where p=n(m,+m;), U= VE+M|||) and v;=v;+v;, and
Vo= Voot V,;.

‘Using the condition ;= Wy to solve for E [as given in
Kulsrud’s Eq. (49)], it is stralghtforward to show that the

[ike. Gead 13 wemendt or 20 ~wmonet
Snyder, Hammett, and Dorland
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R INSTABILITY

; of our model, and the
effects in simple colli-
investigate the magnetic
; example to demonstrate
theory and to expose the
such as CGL.! We will
10dels recover the exact
tode, and provide a good
rate above the threshold.
1. homogeneous plasma
charged ions. Take the
direction, By=ByZ. The
» be an anisotropic bi-
and perpendicular tem-
ectron and ion tempera-
10, Tg, = Ty, and Ty,
n by writing the wave
‘plasma displacement’’

‘ming Eqs. (2) through
ns of motion;

N (kG +k2)
(53)
"I'O) fx H] (54)

pressures is again sup-
d pressures-p, and p,
iolve for the instability
in four different ways:
sing CGL theory, then
and finally with the 4
compare the instability
ermined by each.
proceed exactly as in
urality to solve for E,,
yields

YX 5 ¥ T T w : T t T i T T T T T -
4l i 3
E =—————— kinetic 3
L 1 -
g o 3+1 E
-E 3 :__ —————— 4+2 ‘_:
o« C 3]
- E TR rma— CGL :
* F 3
o o -
[ - -
(L] ] - —
e =F m
5 F ]
Er ]
¥ r .
1E =
E _.-'".‘. ]
L - -

o ’

0 [T e A e -4

N " M i M i L L 1 N 1 N i i il

0 5 10 -- s ' 20

Cﬂ“aw‘nt rm(-e

Temperature Anlaotrapy (Tw/Te)

Tao/T; 0)

FIG. 5. The linear growth rate of the mirror instability (k12k2) as pre-
dicted by kinetic theory, 3+ 1 and 4+2 Landau MHD models, and CGL
theory (ideal MHD cannot predict the mirror growth rate as it posits an
isotropic pressure). The normalized growth rate [{i=Im(e)WV2llglvr. ] is
plotted versus the temperature anisotropy (TLOIT,,O) at constant B
={(2/3)plu+(l/3)p,o}/(}33181r). The parameters chosen are Z=1, Ty,
=T, Ty= Ty,,» B=1, and vm;/m,=40,

k(12 ., B}
gz+§2—2-—f—(— A+ —+ =
boTe k§ -T—Ilof 3 Tllc, 87p,
T, , B? ) 8
+[ =1+ , 5
Iy, 47p)

where the function .#,({) is defined by .%,(¢)={7({;)>
+6.FB(L)B(L) + RN IA(FR(L) + (L))} For par-
allel propagation (|k,|2>|k|), the above reduces to the dis-
persion relation for the ““firehose’’ instability, and the kinetic
effects drop out within our ordering (note that a different
ordering can be used to analyze these much smaller kinetic
effects for limited parameter regimes—sce Medvedev and
Diamond"®). All of the models considered will reproduce the
firehose linear growth rate exactly. In the opposite limit
(|ky|>|k,]). the dispersion relation becomes

THEORY DEPT-PFPPL 10
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Importance of Linear Zonal Flow Damping

o Two phases: fast collisionless damping & slow collisional damping. Depends
on initial flow conditions

¢ In [Beer, Ph.D. Thesis (1995)] showed that our gyrofluid equations accurately
model the fast linear collisionless damping for t < gR/vi/c. Argued that
long time linear flow dynamics are not important, nonlinear effects will dom-
inate long term nonlinear flow evolution.

1= GKP (Z.Lin) & |APmds
T ~—— gyrofluid (old) |
0.5 H
A, -
g A
A" -
0 -
-0.5

0

time (qR/v,)

® [Rosenbluth & Hinton, PRL (1998)] emphasized a linearly undamped flow com-
ponent. This “residual” flow damped by collisional effects, Argued that
nonlinearly, residual component should grow in time ~ /% in collisionless
limit. Modeled nonlinear drive term as a white noise source.

e Since our original gyrofluid eqns underestimate residual component, if resid-
ual component is important nonlinearly, gyrofluid simulations would under-
estimate E x B flow levels and overpredict y;.

12
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Comparison of Gyrokinetic and Gyrofluid
Flow Damping With New Closures

New closures agree reasonably well with gyrokinetic results on amplitude of resid-
ual component for k.p; = 0.2;

T T T I I 1 I I 1 I ] I

1+ —— GKP (Z.Lin) il
—— new GF closure (a)
new GF closure (b)]

—-—~o0ld GF closure

0.5

<vg>

O
T T T 7 11 ]

1 1 L I

time (qR/v,)

This is for Dlii-D 81499 parameters, e = .18, g = 1.4.

Reassnable agreement with Rosenbluth-Hinton formula:
ves _ Vel
. vei  1+e/eE/g
where ¢ = 0.625, which predicts vgy/vg: = 0.12.

10
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Nonlinear Tests of Importance of Residual Flow

For parameters from DIII-D shot 81499 (the Cyclone base case, with R/Ly; =
6.9). we repeat nonlinear runs with the new closures (a) and (b), both including
undamped components of the zonal flow.

20 T T T T I I T T I I ¥ I T T I T 1
N —no residual flow i
B — with residual {low (a i
L —with residual flow sb; i
15 || — Dimits GKP _
~ - ]
_F _ i
'H:-‘ = -
= 10 = =
N | -
- [ i
= | i
5 L —_
D [ 1 1 [] I L] [] 1 (] l ] ] 1 1 I 1 I_

0 1000 2000 3000

time (v,/Ly)

With residual flows, flux drops by up to about 35%, for this case

Nonlinear effects (e.g. turbulent viscosity) keep linearly undamped residual com-
ponents from growing indefinitely

12
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Gyrofluid/gyrokinetic (GF /GK) simulation
differences correspond to 20-30% differences in
the predicted temperature gradient.

fx,oﬁau\:w\ G‘\tf‘ﬂ"ﬂm?p ;Qe/cks_

@
12 [ T Sfﬂ C.ﬂl\' 1.0 [T T T T T T T T T ]
: GFo4 + necsd L ores ]
0T |Fs-PPPL g4 ] 08~ ]
: ] b [ IFS-PPPL 94
— 8 = - ! E
< | 5 S o6f '
& 6 GyroKinetic - = I
L= {lux-tube ] — 04f -
. ; p 3
R 4 : w o[ ]
ol h S 0.2 - .
ot e 0.0 e
0 5 10 15 20 0 50 100 150 200 250
Ry Heat flux o< ¥, x R/Ly,

oDimits (LLNL): good convergence in his gyrokinetic particle simulations
eNew neoclassical gyrofluid closure significantly improves GF/GK comparison

oTurning this plot around, for a fixed amount of heat flux, &« xVT, the tem-
perature gradient predicted by the original gyrofluid-based IFS-PPPL model is
20-33% low. But Prusion ¢ T7. and so may increase by x2 or more.

eNonlinear upshift in critical gradient may depend on: Rosenbluth-Hinton un-
damped zonal flows 1 with elongation (W. Derland), | with weak collisions, |
with non-adiabatic electrons [may limit inverse cascade that drives zonal flows
(Diamond, Liang, Terry-Horton, Waltz, ...) and 1 turbulent viscosity].

16
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